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RE S EARCH REV I EW
Lignocellulosic-based bioenergy and water quality
parameters: a review
BHARAT SHARMA ACHARYA and HUMBERTO BLANCO-CANQUI
Department of Agronomy and Horticulture, University of Nebraska, Lincoln, NE 68583, USA
Abstract
High rates of crop residue removal as biofuel feedstocks could increase losses of nonpoint source pollutants,
negatively affecting water quality. An alternative to residue removal can be growing dedicated bioenergy crops
such as warm season grasses (WSGs) and short-rotation woody crops (SRWCs). Yet, our understanding of the
implications of growing dedicated bioenergy crops on water quality is limited. Thus, we (i) synthesized and
compared the impacts of crop residue removal, WSGs, and SRWCs on water quality parameters (i.e., sediment
and nutrient runoff, and nutrient leaching) and (ii) identified research gaps for growing dedicated energy crops.
Literature indicates that residue removal at rates >50% (residue retention up to 4.71 Mg ha1) can increase run-
off by 5–15 mm, sediment loss by 0.2–7 Mg ha1, NO3–N by 0.58–1 kg ha
1, and sediment-associated C by 0.3–
57 kg ha1 per rainstorm event compared to no residue removal. Crop residue removal may also increase nutri-
ent leaching. Studies on the impacts of growing WSGs as dedicated bioenergy crops at field scale on water qual-
ity parameters are few. However, WSGs when used as conservation buffers reduce losses of sediment by 66–
97%, nutrients by 21–94%, and contaminants by 9–98%. This suggests that if WSGs were grown as dedicated
bioenergy crops at larger scales, they could reduce losses of nonpoint source pollutants. Literature indicates that
SRWCs can consistently reduce NO3–N leaching. More modeled than field data are available, warranting further
field research on (i) field data collection from WSGs and SRWCs from marginal lands, (ii) growing monoculture
or polyculture of WSGs, and (iii) large-scale production of energy crops. Overall, dedicated bioenergy crops,
particularly WSGs, can reduce losses of nonpoint source pollutants compared to residue removal and be an
important strategy to improve water quality if grown at larger scales.
Keywords: dedicated bioenergy crops, filter strips, marginal lands, perennial warm season grasses, short-rotation woody
crops, water quality
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Introduction
Production of renewable energy is receiving increased
global attention to promote energy independence and
address environmental concerns. In the United States,
the 2007 Biofuels Security Act projected about
227.1 hm3 of renewable fuel production by 2030 and
prioritized bioenergy cropping systems to generate bio-
fuels (Daniel et al., 2010). In 2009, American Recovery
and Reinvestment Act allocated US 92 billion for clean
energy and nearly $21 billion for renewable energy. In
the United States, renewable energy contributes to 6.7%
(6226 Petajoule) of total energy supply (92 362 Peta-
joule). This energy demand is projected to grow over
the next 20 years (EIA, 2012). Nearly 57% of the bioen-
ergy consumed in the United States comes from solid
biofuel (e.g. wood, harvesting residues), and energy
supply from solid biomass continues to increase (Nejat
et al., 2015; Bacovsky et al., 2016). In Europe, different
energy programs such as Renewable Energy Directive
2009/28/EC, Framework Program (FP7), and 2030 cli-
mate and energy framework have been established to
prioritize renewable energy production including bioen-
ergy and meet energy targets (Bacovsky et al., 2016).
Production of dedicated bioenergy crops is among the
portfolio of options to meet the increasing energy
demand and renewable energy goals (Stoof et al., 2015).
Perennial warm season grasses (WSGs) and short-
rotation woody crops (SRWCs) are potential dedicated
bioenergy crops. These energy crops can provide cellu-
losic biomass for energy while providing numerous soil
and environmental services (Nelson et al., 2006; McIsaac
et al., 2010; Stoof et al., 2015; Blanco-Canqui et al., 2016;
Ferrarini et al., 2017a,b). One of these key services can
be improvement in water quality (McIsaac et al., 2010;
Sharma & Chaubey, 2017; Woodbury et al., 2017). As
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such, growing dedicated bioenergy crops may be one of
the viable options to reduce off-site transport of agricul-
tural nonpoint source pollutants.
Nutrient loss from agricultural fields to streams, riv-
ers, and estuaries results in eutrophication and hypoxia
(Rabalais et al., 2010; Stackpoole et al., 2017). For exam-
ple, the Gulf of Mexico encompasses one of the largest
human-induced hypoxic zones due to nitrate (NO3–N)
loading from agricultural sources in the Mississippi
River watershed (Simpson et al., 2008; Porter et al.,
2015). The hypoxic zone is reported to affect the
region’s $2.8 billion fishing industry (Porter et al., 2015).
Nitrate concentration has increased since the mid-1990s
at the Mississippi river’s outlet (Sprague et al., 2009).
Expansion of corn (Zea mays L.) for ethanol to meet
renewable energy targets by 2022 could result in an
increase in dissolved inorganic N loading into Missis-
sippi River by 10–34% (Dooner & Kucharik, 2008).
Recently, Van Meter et al. (2017) synthesized data on N
in the Mississippi basin and reported that NO3–N loads
have increased by seven fold since 1840. Corn and soy-
bean (Glycine max L.) production in the upper Missis-
sippi and Ohio River basin accounts for nearly 82% of
NO3–N and 58% of total P entering the Gulf of Mexico.
On an annual basis, approximately 1.6 million Mg of N
are transported to Gulf of Mexico; 75% of which comes
from nine Midwest states (USEPA, 2007; Porter et al.,
2015).
Chesapeake Bay hypoxia is another example where
decreasing water quality is a concern. The Bay is one of
the largest estuaries in the United States, and it remains
susceptible to N, P, and sediment runoff from point and
nonpoint sources (Rabalais et al., 2010; Joshi et al., 2015;
Aiken, 2017). Historically, Chesapeake Bay forests were
cleared for human settlement and agriculture, which
increased sediment loading and nutrient runoff into the
Bay. On an average, the Bay and its tributaries receive
nearly 14 g N m2 yr1 and 1.1 g P m2 yr1 and this
may vary between dry and wet years (Kemp et al., 2005).
Recently, Aiken (2017) reported that approximately 44%
of N and P and 65% of sediment discharge into the Bay
comes from agriculture. The Bay recorded approxi-
mately 8 km3 of hypoxic water during 1986–2007 (Hagy
et al., 2004), and Lee et al. (2016) reported that Chesa-
peake Bay continues to undergo severe hypoxic condi-
tions. Concerns over two hypoxia thresholds, severe
(dissolved oxygen <1.0 mg L1) and mild (dissolved
oxygen <2.0 mg L1), have increased in recent years
globally due to detrimental effects to shellfish, crabs, fish
and benthic communities, and on commercial fishing
industries (Hagy et al., 2004; Rabalais et al., 2010).
Water quality of streams and rivers in the United
States is frequently monitored using flow-adjusted and
non-flow-adjusted trends in nutrient concentration
(Sprague et al., 2009). A report of nutrient concentration
analysis in the United States found that nearly 11%
streams (15 of 137) recorded increased non-flow-
adjusted N concentration, and 24% of the streams (41 of
171) had increased non-flow-adjusted P concentration
during 1993–2003 (Sprague et al., 2009). The nutrient
concentration in rivers and streams is higher than base-
line levels, and detrimental effects of nutrients loading
on aquatic community structure are also evident (Dodds
& Smith, 2016). The national water quality inventory
also reported that 39% of stream miles and 45% of lake
acres in the United States are impaired. Agricultural
operations are major contributors to the impairment of
water bodies in the United States, and they account for
48% of impaired river length and 41% of impaired lake
area (USEPA, 2007).
In the Midwest United States, nutrient loss from agri-
cultural fields to streams and rivers remains a major
water quality concern (Blanco-Canqui, 2010; Mitchell
et al., 2016). Nonpoint source pollution of aquatic
ecosystems is an increasing concern under fluctuating
climates (Rabalais et al., 2010; Stackpoole et al., 2017)
because fluctuating climate affects runoff, nutrients and
sediment loading into water bodies (Mander et al., 1998;
Whitehead et al., 2009). Existing management practices
may not be sufficient to reduce loss of agricultural non-
point source pollutants. Thus, improved management
strategies such as growing WSGs and SRWCs can be a
potential alternative to crop residue removal for
improving water quality while providing cellulosic bio-
mass for biofuel production.
Many recent studies have looked into dedicated
bioenergy crops. Much of that research on dedicated
bioenergy crops has, however, focused on biomass pro-
duction, nutrient management, and technologies for
conversion of cellulosic material into biofuel. The poten-
tial implications of WSGs and SRWCs as dedicated
bioenergy crops on water quality parameters have nei-
ther been widely discussed nor reviewed. Growing
WSGs and SRWCs as dedicated bioenergy crops in
environmentally sensitive areas or marginally produc-
tive lands could be a strategy to reduce water erosion
and address the growing water quality concerns (Sse-
gane & Negri, 2016; Cacho et al., 2017; Zumpf et al.,
2017).
Thus, the overall goal of this review was to discuss
how crop residue removal and growing WSGs and
SRWCs as biofuel feedstocks affect water quality param-
eters. The specific objectives were to (i) synthesize and
discuss the impacts of crop residue removal on runoff,
losses of sediments, nutrients, and other pollutants, and
nutrient leaching as indicators of water quality; (ii) dis-
cuss the water quality implications of WSGs and
SRWCs and compare their effects against crop residue
© 2018 The Authors. GCB Bioenergy Published by John Wiley & Sons Ltd., 10, 504–533
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removal; and (iii) identify opportunities, challenges, and
research gaps for growing and expanding dedicated
bioenergy crops for improved water quality. Because
most of the studies on crop residue removal and WSGs
have been conducted in the United States, the majority
(90%) of the papers discussed on this review are from
the United States.
Crop residue removal and water quality
Crop residues are important feedstocks for the cellulosic
biofuel and livestock industries (Schmer et al., 2017;
Rakkar & Blanco-Canqui, 2018). In the United States,
corn residue is the dominant feedstock used for cellu-
losic biofuel (Andrews, 2006; Tan et al., 2012; Bentsen
et al., 2014). Crops such as sorghum (Sorghum bicolor L.),
rice (Oryza sativa L.) and wheat (Triticum aestivum L.)
are also available for cellulosic biomass in smaller quan-
tities (Mitchell et al., 2016). Excessive crop residue
removal for off-farm uses can increase risks of water
erosion and water quality impairment (Fig. 1;
Lindstrom, 1986; Mann et al., 2002). Water quality indi-
cators such as runoff, losses of sediment, nutrients, and
pesticides in runoff, and nutrient leaching as affected by
residue removal are discussed separately next.
Water erosion
Time to runoff start. The sooner the runoff starts, the
greater the amount of runoff and pollutant losses. Resi-
due removal at high rates may decrease time to runoff
onset. For example, Wilson et al. (2004) observed that
time to runoff start decreased by 35% in no-till corn
after 1 year of residue removal at a high rate (4%
cover) in the loessial uplands of north Mississippi.
Wienhold & Gilley (2010) also observed that time to
runoff decreased from 239 to 195 s after residue
removal from irrigated corn (residue retention
6 Mg ha1; 49.5% cover). High rates of residue removal
reduce time to runoff initiation linearly or quadratically
(Blanco-Canqui et al., 2009). They reduce time to runoff
start by (i) reducing surface cover needed to intercept
raindrops or runoff, (ii) increasing risks of surface seal-
ing, and (iii) increasing soil susceptibility to erosion by
degrading near-surface soil properties (Blanco-Canqui
et al., 2009).
Runoff. Table 1 summarizes the studies on runoff across
different regions, soil types, and residue removal rates.
Table 1 indicates that runoff rates increase with an
increase in residue removal rates. In general, residue
removal at rates >50% (residue retention up to
4.71 Mg ha1) can increase runoff by 5–15 mm (Wilson
et al., 2004; Blanco-Canqui et al., 2009; Wienhold & Gil-
ley, 2010). The increase in runoff with 50% removal var-
ies from 33% to 85% relative to no residue removal.
Table 1 also shows that runoff due to residue
removal in relatively flat soils (<1% slope) is negligible
but becomes significantly greater in fields with slopes
≥3%. Residue removal effects on runoff can be larger
under rainfed than under irrigated systems due largely
to the relatively low residue yield in rainfed soils. For
example, in 2016 approximately 9.3 Mg ha1 of corn
residue were produced in rainfed and 12.5 Mg ha1 in
irrigated lands in Nebraska (https://quickstats.nass.
usda.gov/).
As indicated earlier, residue removal can increase run-
off by decreasing soil macroporosity, increasing surface
sealing, and thereby reducing infiltration and hydraulic
conductivity. For example, Johnson et al. (2016) reported
that the in situ unsaturated hydraulic conductivity was
lower when corn residue was removed (residue reten-
tion <2 Mg ha1) than when it was not removed (>7
Mg ha1). Overall, residue removal at rates above 50%
(residue retention up to 4.71 Mg ha1) can increase
Crop residue 
removal at 
high rates 
increases 
 
Water 
erosion 
 
 
Losses of 
nutrients 
Losses of C 
 
Impaired 
water quality 
 
Nutrient 
leaching 
 
Nutrient loss 
to surface and 
ground water    
 
Nitrate and  
dissolved C 
loss 
Runoff and 
sediment loss 
Fig. 1 Impacts of crop residue removal on water quality
parameters. Crop residue removal at high rates (>50%) may
increase runoff, sediment, and nutrient losses via direct and
indirect, and short-term and long-term effects. Crop residue
removal change soil structure, soil quality, soil moisture, and
temperature regime, and increase soil compaction and crusting;
all of which impair water quality (Lal, 2005; Blanco-Canqui
et al., 2009; Wienhold & Gilley, 2010).
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runoff and thus sediment transport and nutrient losses
as discussed later.
Sediment loss. The effect of crop residue removal on sed-
iment losses across different regions, soil types, slopes,
and residue management is summarized in Table 1.
Similar to runoff, crop residue removal at rates >50%
(residue retention up to 4.71 Mg ha1) can increase sed-
iment loss (Table 1). The loss of sediment due to residue
removal varies from 0.2 to 7 Mg ha1 depending upon
soil textural class, slope, residue removal rate, and til-
lage system. For example, Blanco-Canqui et al. (2009)
observed higher sediment loss from fields with 6%
slope than with 3% slope under similar rates of residue
removal, which indicates that areas with steep slopes
and low residue amount are prone to greater sediment
loss. Newman et al. (2010) also reported that water ero-
sion potential increases with increasing slopes above 5%
and intensive tillage operations. Sediment loss increases
exponentially with high rates of residue removal
(Blanco-Canqui et al., 2009).
Table 1 also indicates that sediment loss due to resi-
due removal is higher under tilled compared to no-till
management, which is probably due to decreased
aggregate stability in tilled soils. Crop residue removal
can increase sediment loss by deteriorating soil proper-
ties (e.g. aggregate stability), particularly near the soil
surface. Blanco-Canqui et al. (2016) reported that residue
removal tended to increase bulk density and decrease
wet aggregate stability when residue was removed, on
average, by 43% for 7 years for irrigated no-till continu-
ous corn. Similarly, in Nebraska, Jin et al. (2015) found
that corn residue removal at 55% reduced amount of
water-stable aggregates after 12 years, indicating that
residue removal can increase potential for water erosion.
Crop residue removal at ≥50% may alter soil tempera-
ture and increase freeze–thaw cycles, which can
reduce soil aggregation (Kenney et al., 2015). Overall,
higher rates (>50%) of crop residue removal increase
sediment loss and can thus negatively affect water
quality.
Nutrients and contaminants in runoff. Table 1 shows that
NO3–N loss in runoff with crop residue removal at rates
>50% (residue retention up to 4.71 Mg ha1) ranged
from 0.58 to 1 kg ha1. Similarly, NH4–N and PO4–P
losses with crop residue removal at rates >50% ranged
up to 0.04 kg ha1. Table 1 indicates that nutrient losses
are higher at slopes ≥3%. Sediment-associated C losses
due to residue removal vary from 0.3 to 57 kg ha1 per
rainstorm event and are higher under tilled than under
no-till systems as tillage disturbs soil and reduces soil
aggregation, increasing the susceptibility of the soil to
erosion (Blanco-Canqui et al., 2009).
Crop residue removal also increases contaminant loss
associated with runoff water and leaching (Shipitalo
et al., 2016). Crop residue affects interception, sorption,
dissipation, transformation, wash-off, and transport of
contaminants such as herbicides (Green et al., 1995;
Locke & Bryson, 1997). Studies indicate that some crop
residues (e.g., corn residue) retain chemicals like ala-
chlor and reduce contaminant loss in runoff (Shipitalo
et al., 2016) and leaching of pesticides (Giori et al., 2014).
Nutrient leaching
There are very few studies on the effects of crop residue
removal on nutrient leaching. Gollany et al. (2004)
reported greater NO3–N leaching with complete crop
residue removal compared to no removal in continuous
corn systems in Minnesota. Residue removal can inter-
act with tillage to affect nutrient leaching. Conventional
tillage may increase mineralization of N more than no-
till system and thus increase the availability of NO3–N
for leaching. Thomas et al. (2011) estimated that NO3–N
leaching in a no-till system could increase with corn
residue removal by up to 7.5 kg ha-1. The same study
indicated that nutrient leaching could vary with soil
type. The few available data suggest that crop residue
removal could increase nutrient leaching, but more
research is warranted to better understand the effects of
residue removal on nutrient leaching.
Dedicated bioenergy crops
Dedicated bioenergy crops include perennial WSGs and
SRWCs. Perennial WSGs are bioenergy feedstocks with
little to no woody tissue and include switchgrass (Pan-
icum virgatum L.), miscanthus (Miscanthus sinensis L.),
eastern gamagrass (Tripsacum dactyloides L.), and big
bluestem (Andropogon gerardii Vitman), among others
(Lemus & Lal, 2005; Davis et al., 2013; Sands et al.,
2017). Switchgrass and Miscanthus are rhizomatous
grasses with C4 photosynthetic pathways and are most
common energy crops in the United States. The culti-
vars of switchgrass are available from Fuentes & Talia-
ferro (2002), McLaughlin & Kszos (2005), Vogel et al.
(2011, 2014). Some of these WSGs (e.g., switchgrass and
big bluestem) are a significant component of the vegeta-
tion present in lands under the Conservation Reserve
Program (Lemus & Lal, 2005).
Short-rotation woody crops are fast growing woody
perennials. The potential SRWCs include poplar (Popu-
lus spp. L.), willow (Salix spp. L.), sweetgum (Liquidam-
bar styraciflua L.), black locust (Robinia pseudoacacia L.),
maple (Acer spp. L.), and Eucalyptus (Demirbas, 2004;
Lemus & Lal, 2005; Sartori et al., 2006; Nassi o Di Nasso
et al., 2010). Additional information on SRWC species is
© 2018 The Authors. GCB Bioenergy Published by John Wiley & Sons Ltd., 10, 504–533
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provided by Tuskan (1998) and Dickmann (2006). Short-
rotation woody crops have longer rotation than annuals
and are widely managed to provide feedstocks for
energy, remediate contaminated soil and water (Volk
et al., 2006), and reduce nitrate losses from intensively
managed agricultural fields (Zumpf et al., 2017).
Perennial grasses and water quality
Growing WSGs as dedicated bioenergy crops could be a
potential alternative to crop residue removal to reduce
water erosion (Fig. 2). Our review indicates that field
studies on water quality impacts of growing WSGs spe-
cifically dedicated bioenergy crops are few (e.g., McI-
saac et al., 2010). However, perennial WSGs have been
used in conservation buffers including grass hedges,
riparian buffers, filter strips, and other types of buffers
to reduce water erosion. Thus, our review summarizes
data on WSGs effects on water quality indicators mostly
from systems where WSGs have been used as conserva-
tion buffers.
It is important to clarify that perennial WSGs used in
conservation buffers are not traditionally harvested.
Harvesting of WSGs for biofuel production could
reduce some of the WSG benefits for reducing water
erosion. Also, it could remove nutrients with the
removed biomass. It will be important to redesign or
develop practices to manage the existing conservation
buffers if biomass is harvested from the buffers. One of
the management strategies can consist in harvesting
grass buffers (e.g., vegetated channels consisting of mul-
tispecies such as big bluestem and switchgrass) at high
cutting heights (>10 cm) to maintain the benefits for
reducing water erosion and maintaining other ecosys-
tem services that buffers provide (Wilson et al., 2011).
An additional concern from harvesting buffers would
be the potential negative effects on wildlife habitat and
diversity, which require permanent and tall growing
buffers for shelter and food. These potential challenges
of harvesting conservation buffers deserve a close con-
sideration.
Water erosion
Runoff. Warm season grasses may delay runoff start
and reduce runoff relative to annual row crops. For
example, Hernandez-Santana et al. (2013) observed that
time to initiate runoff was higher in native prairie veg-
etation consisting of WSGs than in row crops. Table 2
summarizes 16 studies on the effect of WSGs when
used as conservation buffers on water erosion across
different regions. Fourteen of 16 studies (88%) in
Table 2 used switchgrass as conservation buffer. Data
from conservation buffers from April to October indi-
cate that WSGs reduce runoff by 13–82% when used as
filter strips, riparian buffers, and grass barriers
(Table 2). Fourteen of 16 studies (88%) in Table 2 used
switchgrass as conservation buffer. Use of WSGs
reduces runoff due probably to their extensive root sys-
tem and accumulation of plant debris on the soil sur-
face, which increases water detention time and
infiltration (Blanco-Canqui et al., 2004). Such properties
may, however, vary with grass cultivar, ecotypes, stand
age, and harvest management (harvest conditions, har-
vest timing, and number of harvests in a year). Peren-
nial WSGs are also reported to enhance earthworm
diversity and distribution (Katsvairo et al., 2007; Felten
& Emmerling, 2011). Animal burrows and earthworm
channels are important to increase water infiltration
and reduce surface runoff.
Sediment loss. Table 2 shows that WSGs when used as
filter strips, riparian buffers, and grass hedges can
reduce sediment loss by 53–97%. Warm season grasses
have stiff stems, grow tall, and produce abundant litter
that helps to reduce sediment loss by slowing runoff
Water quality
problems  
Potential 
management 
practices  
Non-point source 
pollutants cause: 
Hypoxia 
Eutrophication 
Increased turbidity 
Increased water hardness 
Acidity 
Alkalinity 
Warm season grasses 
Short-rotation woody crops 
  
Some companion practices 
Cover crops 
Conservation buffers 
Conservation tillage 
Diversified cropping systems 
Management practices 
such as growing warm 
season grasses reduce: 
Runoff 
Sediment loss 
Nutrients loss 
Contaminants 
Nutrient leaching 
Effect on water
quality
parameters  
Fig. 2 Potential management practices, which include growing warm season grasses and short-rotation woody crops as dedicated
bioenergy crops to improve water quality parameters.
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and trapping sediments (Meyer et al., 1995; Guo et al.,
2018). Warm season grasses also stabilize soil through
their deep rooting system, high root biomass, and
increased soil organic matter compared to annual row
crops (Kort et al., 1998; Lemus & Lal, 2005; De Baets
et al., 2006; Blanco-Canqui, 2010; Ontl et al., 2015).
Increased soil aggregate stability is reported under
WSGs, which will reduce the susceptibility of soils to
water erosion. For example, in a recent study, WSG
treatment had 37% higher mean weight diameter of
water-stable aggregates compared to corn residue
removal, indicating improved aggregate stability under
perennial grasses (Blanco-Canqui et al., 2017).
Table 2 also indicates that sediment loss decreases
with increasing width of conservation buffers. Some of
the factors that affect the effectiveness of WSGs to trap
sediment include flow rates, sediment size, and field
slope. For example, Meyer et al. (1995) found that
switchgrass hedges performed better at lower flow rates
(<1.31 m3 min1 m1), and trapped >90% of sediments
coarser than 125 lm and 20% of sediments finer than
32 lm. The effectiveness of WSGs is higher under gentle
slopes than on steep slopes due to reduced runoff veloc-
ity and increased time for runoff ponding and sediment
deposition (Blanco-Canqui, 2010). Some studies have
compared water quality parameters between perennial
WGSs and row crops. Warm season grasses have poten-
tial to reduce sediment loss compared with row crop.
For example, in Italy, soil loss was 11.2 Mg ha1 yr1
under durum wheat-durum wheat-fallow rotation and
0.1 Mg ha1 yr1 under giant Miscanthus (Cosentino
et al., 2015). Overall, literature reviewed herein suggests
potential use of WSGs to reduce sediment in runoff.
Nutrients and contaminants in runoff. Table 2 summarizes
studies on the effect of WSGs on nutrients losses. Litera-
ture review shows that WSGs can reduce up to 94% of
total N, 93% of total P, 88% of NO3–N, and 94% of PO4–
P when used as vegetation barriers and filter strips
(Table 2). Perennial WSGs can reduce concentration and
mass of nutrients in runoff water via increased infiltra-
tion, reduced flow velocity, sediment trapping, and plant
nutrient uptake. They can also adsorb and immobilize
soluble nutrients (McLaughlin & Kszos, 2005; Simpson
et al., 2008; McIsaac et al., 2010; Sharma & Chaubey,
2017).
The effect of WSGs on reducing pesticides and chemi-
cal losses across different regions is shown in Table 3.
Literature reviewed showed that WSGs could signifi-
cantly reduce the concentration and/or mass of pesti-
cide losses in runoff and leachate by 9–98% when used
as filter strips and barriers (Table 3). The highest reduc-
tion in pesticide loss was observed for endosulfan by
adsorbing the chemical to soil surface (Mersie et al.,
2003). Higher soil organic matter under WSGs is likely
to increase the absorption and filtration of soil pollu-
tants (Gomes, 2012). Table 3 also indicates that atrazine
and metolachlor were two common pesticides in runoff
water. Warm season grasses reduced atrazine concen-
tration and/or mass by 43–72% and metolachlor con-
centration and/or mass by 9–72%. Our review, thus,
indicates that growing perennial WSGs can potentially
reduce nutrient and contaminants in runoff.
Nutrient leaching
Some studies have evaluated the impacts of perennial
WSGs on deep water drainage and NO3–N leaching into
groundwater (Lesur et al., 2014; Girma et al., 2015; Fer-
chaud & Mary, 2016). These studies indicate that nutri-
ent leaching in WSGs varies with fertilizer application
and land use history. For example, Christian & Riche
(1998) measured NO3–N leaching from Miscanthus sup-
plied with 0, 60, and 120 kg N ha1 yr1 in Rothamsted
Farm, UK, and observed higher NO3–N leaching with
the application of N fertilizer compared to unfertilized
treatment. They observed higher leaching loss on first
year than second and third years after conversion of
arable crops to Miscanthus. However, in a study con-
ducted in Illinois, United States, NO3–N and total inor-
ganic N losses from Miscanthus 9 giganteus were
unaffected by fertilizer application rates in the first year
but significantly affected in the second year (Behnke
et al., 2012). The NO3–N leaching in the second year
increased from 6.9 kg N ha1 yr1 under 0 kg N ha1
to 28.8 kg N ha1 yr1 under 120 kg N ha1 fertilizer
application rates. Nutrient leaching also varies with
perennial grass species. McIsaac et al. (2010) measured
and compared mean annual NO3–N leaching among
maize–soybean rotation, switchgrass, and Miscanthus in
east-central Illinois. Corn received 202 kg N ha1 in
2005 and 168 kg N ha1 in 2007 and 2008, but no fertil-
izer was applied to switchgrass and Miscanthus. Results
showed that NO3–N leaching gradually increased in the
following order: maize–soybean rotation > Miscant-
hus > switchgrass. Studies suggest that perennial WSGs
can have higher N use efficiency and lower N fertilizer
requirement than annual row crops, leading to lower
NO3–N losses from WSGs (Sharma & Chaubey, 2017).
Lower NO3–N leaching was also reported from switch-
grass in northern France compared to annual crops
(Ferchaud & Mary, 2016). Briefly, water drainage and
NO3–N leaching were measured under perennial (Mis-
canthus and switchgrass), semi-perennial (fescue and
alfalfa), and annual crops (sorghum and triticale) consist-
ing of low and high N fertilization rates [Low (0, 60, 80
© 2018 The Authors. GCB Bioenergy Published by John Wiley & Sons Ltd., 10, 504–533
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120 kg N ha1) and high (120, 160, 240 kg N ha1)] over
7 years. Perennial grasses were harvested either in Octo-
ber (early harvest) or February (late harvest). Biomass
production ranged from 12.8 to 26.5 Mg dry mat-
ter ha1 yr1 for perennials and 9.4–12.1 Mg dry matter
ha1 yr1 for annuals over 7 years. Nitrate leaching in
perennials was influenced by grass type and N fertiliza-
tion rates, and biomass production was negatively corre-
lated with drainage (Ferchaud & Mary, 2016). Perennial
WSGs may develop associations with mycorrhizal fungi,
which may reduce nutrient requirement. For example,
Jach-Smith & Jackson (2018) observed that arbuscular
mycorrhizal fungi increased plant N concentration and
allocated more resource to nutrient transfer structures in
switchgrass in soils with low N. Land use change from
row crops to dedicated bioenergy crops is reported to
reduce NO3–N leaching. For example, Smith et al. (2013)
measured NO3–N leaching after row crops were con-
verted into dedicated bioenergy crops (e.g., switchgrass
andMiscanthus) in Illinois. Results indicated that NO3–N
concentration was higher under corn–soybean rotation
than under switchgrass in all 4 years of study. The NO3–
N concentration was 49 kg N ha1 yr1 under corn and
23–75 kg N ha1 yr1 under dedicated bioenergy crops
in the first year. The NO3–N concentration decreased to
<5 kg N ha1 yr1 under dedicated bioenergy crops but
increased to 50 kg N ha1 yr1 under corn in the fourth
year. Lower N fertilization rate, greater evaporative loss
of water, deeper roots, and higher N uptake reduce
NO3–N under perennial WSGs compared to annual row
crops (McIsaac et al., 2010). The review therefore indi-
cates that growing perennial WSGs can generally lower
NO3–N leaching.
Short-rotation woody crops and water quality
Short-rotation woody crops can be used to supply bio-
mass feedstock, control water erosion, reduce nitrate
leaching, and remediate contaminated sites (Aronsson
et al., 2000; Demirbas, 2004; Jørgensen et al., 2005;
Lemus & Lal, 2005; Sartori et al., 2006; Shepard, 2006;
Volk et al., 2006; Aylott et al., 2008; Dimitriou & Mola-
Yudego, 2017a; Zumpf et al., 2017). Short-rotation
woody crops are often grown in areas with high pre-
cipitation due to their greater water requirement (Perry
et al., 2001; Djomo et al., 2015). Short-rotation woody
crops can grow in land areas prone to water erosion.
They could also be tolerant to moderate drought and
occasional flooding (Lemus & Lal, 2005; Nissim et al.,
2014; Zumpf et al., 2017).
Table 4 Studies comparing the effects of short-rotation woody crops, warm season grasses, and row crops on erosion and water
quality parameters
Location
Soil
texture
Slope
(%)
Bioenergy
crops Duration Planting time
Sediment
loss
(kg ha1)
Runoff
(m3 ha1)
NO3
(kg ha1)
PO4
(kg ha1) Reference
Alabama,
USA
Silt
loam
4 Sweetgum 4 years February 1995 100–800b <4a 0.8a Nyakatawa
et al. (2006)
Corn April each year <100a 5–15b 2.4b
Switchgrass May 1995 <100a 4–8b 2.1b
Mississippi,
USA
Cottonwood
(Populus
deltoides
Marsh)
14 months February 1995 2300a 100–250 0.002–0.24 Thornton
et al. (1998)
na na Cotton
(Gossypium
hirsutum L.)
May 1995 16 200b 60–340 0.01–0.63
Runoff
fraction$
Mississippi,
Tennessee, and
Alabama, USA
na Trees
(Sycamore,
cottonwood)
3 months Spring 1995 120–150 0.4 <0.3 Joslin &
Schoenholtz
(1997)*
0.2–4 Cotton 160–530 0.53–0.99
Corn 1.5–3.8
na, not available.
Data points followed by same lowercase letter within the column are not significantly different.
*Values are inferred from bar graph and are approximate.
$Fraction of precipitation which became runoff during late spring/early summer.
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Water erosion
Runoff. Table 4 summarizes the few available studies
on comparing the effect of SRWCs and row crops on
water quality parameters. Although the few studies
show no significant effect of SRWCs on runoff, SRWCs
are likely to reduce runoff by improving soil properties.
Short-rotation woody crops will accumulate thick leaf
litter layers and form closed canopy probably in the
later years of plantation that could intercept rainfall and
reduce runoff (Devine et al., 2004). During early years,
harvesting may create an open canopy, which could
reduce rainfall interception. Also, SRWCs have poor
understory growth in first few years, increasing the
risks of water erosion until SRWCs reach complete
canopy closure. Management practices such as grass
cover crop plantation could reduce erosion in those
early years prior to canopy closure. In general, SRWCs
have deep roots and higher root biomass compared to
annual row crops (Lemus & Lal, 2005; Sartori et al.,
2006; Volk et al., 2006), which can increase aggregate
stability and macroporosity. Recently, Georgiadis et al.
(2017) reported that soils under SRWCs have lower bulk
density than cropland; thereby increasing soil porosity,
which allows for increased infiltration of water into the
soil. Increased infiltration and soil water retention also
results from increased earthworm density, burrows and
castings under SRWCs, and their positive influence on
carbon cycling (Joslin & Schoenholtz, 1997; Baum et al.,
2009; Stauffer et al., 2014). However, due to limited rain-
fall simulation studies under SRWCs compared with
WSGs and row crops, more studies are needed to fully
evaluate the effects of SRWCs on runoff.
Sediment loss. Three field studies compared the effect of
SRWCs and row crops on sediment loss (Table 4). While
the few studies indicate mixed effects of SWRCs on sed-
iment loss, SRWCs are expected to reduce risks of water
erosion by improving soil properties. Studies have
shown that SRWCs can improve soil properties related
to erodibility such as aggregate stability, soil organic
matter, and water infiltration, among others (Mann &
Tolbert, 2000; Kahle et al., 2005; Blanco-Canqui, 2010).
However, it is important to note that there may be small
or no effects on the first year of SRWCs establishment,
but effects are increasingly apparent with time after
establishment (Kahle et al., 2005). Management practices
and stand age are likely to influence system perfor-
mance for reducing sediment loss (Tables 4 and 5).
Short-rotation woody crops have a positive impact on
aggregate stability relative to row crops. For example,
Devine et al. (2004) reported higher mean weight diame-
ter of water-stable aggregates under sycamore SRWC at
2.5–7.5 and 7.5–15 cm soil depths compared to row
crops after 4 years of sycamore rotation, indicating
lower erosion risks. Aggregate stability is a sensitive
indicator of soil erodibility. A decrease in mean weight
diameter of soil aggregates increases soil erodibility and
thus risks of sediment loss. Lower bulk density and
higher mean soil C stocks are also reported in SRWC
compared with cropland (Georgiadis et al., 2017). Lower
bulk density increases macroporosity and thus infiltra-
tion rates, reducing risks of runoff and sediment losses.
Short-rotation woody crops could also enhance infiltra-
tion by forming root channels and promoting earth-
worm activity (i.e., burrows), which can contribute to
reduced runoff and sediment loss (Baum et al., 2009;
Stauffer et al., 2014). While studies suggest that SRWCs
can improve soil properties related to soil erodibility,
actual studies on water erosion are few to make defini-
tive conclusions.
Nutrient losses. Table 4 summarizes three field studies
comparing the effect of different SRWCs and row crops
on nutrients losses. Short-rotation woody crops either
reduced nutrient losses by 67–73% compared to row
crops or had no significant effect on nutrient losses
(Table 4). In cases where SRWCs reduce nutrient loss in
runoff, the mechanisms can include plant nutrient
uptake, increased infiltration of soluble nutrients, and
reduced runoff and sediment-associated nutrients under
SRWCs. Moreover, growing SRWCs may change micro-
bial community composition, which could impact nutri-
ent losses. For example, fungal community and bacterial
phylum Nitrospirae increased after three growing sea-
sons when marginal grasslands were converted to
SRWCs in northern Michigan and Wisconsin (Xue et al.,
2016). Such mechanisms have not been sufficiently stud-
ied to conclusively discern the effects of SRWCs on
nutrient losses.
Contaminants. Short-rotation woody crops are often used
to remediate contaminated soil and water in agricultural
systems. For example, poplar trees have been shown to
remove cadmium (Cd) from soils moderately contami-
nated with heavy metals (Redovnikovic et al., 2017). In a
recent meta-analysis, T}ozser et al. (2017) reported that
growing willow can remediate Cd-, Pb-, and Zn-con-
taminated soils. Research has suggested that SRWCs (i)
adsorb and immobilize contaminants through plant
uptake (ii) convert organic contaminants to nontoxic
forms via microbial activities, (iii) degrade contaminants
by synthesizing enzymes, (iv) transform contaminants
into volatile compounds and release into atmosphere
through evaporation (phytovolatilization), and (v)
improve soil physical properties (Mirck et al., 2005; Volk
et al., 2006; Brunner et al., 2008). The effects of SRWCs
vary with contaminant type, plant species, and their
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complex interaction with soil microorganisms. For exam-
ple, in a recent study comparing three different willow
species for phytoremediation, Salix drummondiana per-
formed better than S. monticola and S. planifolia for Cd
remediation, and S. monticola performed better than
S. drummondiana and S. planifolia for Pb remediation
(Kersten et al., 2017). Removal of heavy metals and other
contaminants with SRWCs from soil can reduce their
losses in runoff and drainage water. The use of SRWCs
can therefore improve soil and groundwater quality by
remediating contaminated environments.
Nutrient leaching
Table 5 summarizes eight studies comparing the effect
of different SRWCs and row crops on NO3–N leaching.
Findings indicate that SRWCs can consistently reduce
NO3–N leaching. The reduction in NO3–N leaching ran-
ged from 70% to 98% compared to row crops. While
most studies have solely measured NO3–N leaching,
three studies measured PO4–P leaching (Table 5). They
found that SRWCs increased PO4–P concentration in one
study but had no effect in two relative to row crops. Our
review indicates that SRWCs can have greater effects on
reducing NO3–N than PO4–P leaching.
The consistent decrease in NO3–N leaching under
SRWCs can be due to: (i) increased N uptake through
fine roots (Aronsson & Bergstr€om, 2001); (ii) increased
transpiration rates, which reduce water availability for
drainage and nutrient leaching (Dimitriou & Mola-
Yudego, 2017a); and (iii) immobilization of N through
rhizosphere priming (Ferrarini et al., 2017a). The effects
of SRWCs vary with soil texutre, irrigation management,
and fertilizer application (Aronsson & Bergstr€om, 2001;
Dimitriou et al., 2012; Dıaz-Pines et al., 2017). For exam-
ple, Aronsson & Bergstr€om (2001) indicated that NO3–N
leaching was affected more by soil type and fertilizer
application rates than by irrigation. The NO3–N leaching
load was 17 kg N ha1 in sand and 43 kg N ha1 in
clay soil, and leaching loss was positively affected by N
fertilization rates. Similarly, as expected, Dıaz-Pines
et al. (2017) reported higher NO3–N leaching with fertil-
izer application (40–50 kg N ha1 a1) compared to no-
fertilizer application in a hybrid poplar rotation in
Germany with potential to contaminate karst aquifers.
An increase in N fertilizer application can concomitantly
increase NO3–N leaching when precipitation events are
heavy and fine roots are not fully developed to absorb
NO3–N (Aronsson & Bergstr€om, 2001). Short-rotation
woody crops are fertilized only the year after harvest to
replenish nutrients removed in harvested biomass. This
could increase the risks of nutrient loss after harvest.
However, SRWCs will have substantially lower nutrient
loss compared with annual row crops because SRWCsT
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are harvested once every 3–4 years. It is thus important
to design a bioenergy system that minimizes nutrient
leaching. Different options could include adjusting fertil-
izer rates, timing of application, split application of fer-
tilizer, and placement of bioenergy crops at downslope
from grain crops in tilled and no-tilled systems, among
others. In summary, this review found that SRWCs can
consistently reduce NO3–N leaching, but the magnitude
of NO3–N leaching could depend on management
practices.
Modeling dedicated bioenergy crops impact on
water quality parameters
Currently, there are more modeling studies on the water
quality impacts of growing WSGs as dedicated bioen-
ergy crops than field studies. Table 6 shows that out of
22 modeling studies, 16 studies used the Soil and Water
Assessment Tool (SWAT) model to simulate runoff and
transport of sediments and nutrients. Water Erosion
Prediction Project (WEPP) model has been used to pre-
dict runoff and sediment yield only, albeit being the
next most commonly used model. Table 6 indicates that
models have primarily used switchgrass as a model
WSG to assess runoff, sediment and nutrients losses,
and NO3 leaching in agricultural watersheds. Eighteen
of 22 studies used switchgrass and 10 studies used Mis-
canthus in their simulations. While some studies have
modeled the impact of perennial WSGs used as filter
strips and grass hedge on water quality, others have
modeled the effect of growing bioenergy crops under
different climate change, land use, and biomass produc-
tion scenarios on water quality (Sahu & Gu, 2009; Chen
et al., 2017; Ha & Wu, 2017). While many have modeled
effects of energy crops on water quality, only few have
modeled the water quality impacts of dedicated bioen-
ergy production specifically on marginal lands (e.g.,
Thomas et al., 2014). Yet, this information is needed as
marginal lands are being considered as the primary
lands for the production of dedicated bioenergy crops.
Results from modeling studies are comparable to field
data from conservation buffers. Simulation studies in
Table 6 show that dedicated bioenergy crops can reduce
sediment by up to 99%, runoff by up to 89%, total N by
up to 91%, total P by up to 99%, NO3–N by up to 98%,
and nutrient leaching by up to 100%. Water quality
impacts of dedicated bioenergy crops vary with plant
species, soil textural class, climate, and management
practices, among others (Love & Nejadhashemi, 2011;
Dimitriou et al., 2012; Ferchaud &Mary, 2016). For exam-
ple, Thomas et al. (2014) simulated higher NO3–N leach-
ing from Clermont silt loam soil than from Miami clay
loam, Blount silt loam and Cincinnati silt loam soil, and
NO3–N leaching was 90% lower under fertilized
Miscanthus than under fertilized continuous corn. Model-
ing results indicate that WSGs could potentially reduce
NO3–N leaching compared to row crops. Similarly, Ha &
Wu (2017) observed 57% decrease in suspended sedi-
ment yield, and 16.5% in total P load through land con-
version to switchgrass under future climate change
scenarios in the South Fork Iowa River watershed.
Modeling studies are important to extrapolate results
to larger scales and to other regions. Modeling studies
also serve as a base for further studies to better under-
stand the impact of dedicated bioenergy crops on
water quality parameters. However, estimations from
modeling are difficult to validate in the absence of
adequate field data (Field et al., 2016). Models cali-
brated at watershed scale with the exclusion of grow-
ing season effects, soil water dynamics, and
biochemical processes may not adequately represent
hydrological processes at plot scale (Thomas et al.,
2014). Further research should focus on field studies to
validate modeling results.
Crop residue removal versus growing warm season
grasses and short-rotation woody crops
Dedicated bioenergy crops and crop residues are both
important sources of biomass for sustainable bioenergy
production. However, our review indicates that crop
residue removal at high rates (>50%) could increase
runoff, and sediment, nutrient, and contaminant losses
relative to WSGs (Table 1). This suggests that only a
fraction of residues can be removed. In regions where
residue yield is relatively low (<6 Mg ha1) such as in
rainfed systems, residue removal may not be recom-
mended. At least 6 Mg ha1 of residues is needed to
maintain organic matter levels and control erosion
(Wortmann et al., 2012). Thus, in low crop residue pro-
ducing areas, WSGs can be grown to supply cellulosic
biomass for bioenergy and improve water quality
parameters. In high-residue producing regions such as
in irrigated systems, crop residue removal can be com-
bined with WSGs harvesting to meet demands of bio-
refineries. Growing WSGs is in part needed because the
small fraction of residue removed may not be sufficient
to meet cellulosic demands of biofuel industry. Crop
residue removal at lower rates (<50%) and harvesting
WSGs grown in marginally productive lands can be
viewed as a sustainable approach to meet cellulosic bio-
mass demand and maintain water quality.
High rates of crop residue removal can increase
water erosion risks by increasing surface sealing and
bulk density, and reducing soil organic C and aggre-
gate stability (Blanco-Canqui et al., 2009). On the con-
trary, growing WSGs as dedicated bioenergy crops can
reduce bulk density and increase macroporosity,
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aggregate stability, and soil organic matter, among
others compared with row crops (Dormaar & Carefoot,
1996; Murphy et al., 2004; Blanco-Canqui, 2010; Schmer
et al., 2011; Ontl et al., 2015; Blanco-Canqui et al., 2017).
For example, 50% residue removal in no-till continuous
corn had lower mean weight diameter of water-stable
aggregates (1.15 mm) compared to the WSGs treatment
(1.70 mm) in Nebraska, indicating higher risks of soil
dislodging from raindrop impacts with residue
removal (Blanco-Canqui et al., 2017). Similarly, Stewart
et al. (2015) observed lower soil bulk density, and
higher aggregate stability and microbial biomass under
switchgrass compared to no-till corn with and without
50% crop residue removal after 9 years. Growing
WSGs is reported to increase soil organic C concentra-
tion in the top 30 cm of soil by 0.3–0.5 Mg ha1 yr1,
but C concentration is likely to decrease by 1–
1.5 Mg ha1 yr1 under crop residue removal (Blanco-
Canqui et al., 2016). Such improved soil properties
under WSGs reduce water erosion. Specifically, infiltra-
tion increases and surface runoff decreases with
reduced bulk density and increased macroporosity
(Fig. 3). Soil organic C reduces soil compaction,
increases aggregate stability, and filters nonpoint
source pollutants in runoff water. As reviewed by
Mitchell et al. (2016), perennial WSGs such as switch-
grass can be more environmentally sustainable than
crop residues in view of bioenergy production.
Growing SRWCs as dedicated bioenergy crops could
be another approach to complement crop residue
removal and WSGs, depending on the region and cli-
mate. As discussed earlier, woody crops commonly
improve soil properties including reduction in bulk
density and increase in porosity and aggregate stability
compared with row crops (Joslin & Schoenholtz, 1997;
Blanco-Canqui et al., 2007; Baum et al., 2009; Georgiadis
et al., 2017). For example, Georgiadis et al. (2017) and
Kahle et al. (2007) estimated lower bulk density with
SRWCs. A decrease in soil bulk density, which is inver-
sely related to porosity, reduces the risks of runoff.
Short-rotation woody crops can also increase soil C
stocks compared to row crops (Devine et al., 2004; Geor-
giadis et al., 2017). For example, Georgiadis et al. (2017)
reported higher mean soil C stock in SRWC than in
cropland in the 0–5 cm soil depth. It is well recognized
that soil C accumulation can improve soil structure,
water holding capacity, resistance to soil compaction,
and aggregate stability (Mann & Tolbert, 2000). Overall,
crop residues removal at rates <50% may be feasible
without negatively affecting soil and water resources
and that dedicated bioenergy crops grown in marginally
productive lands can complement crop residue removal.
Indeed, growing WSGs can be more sustainable than
crop residue removal at high rates.
Potential land areas for growing dedicated
bioenergy crops
Identifying potential land areas for growing dedicated
bioenergy crops is important to reduce pressure on land
currently used for food crops (Miyake et al., 2012). Dif-
ferent land options (Fig. 4) for growing dedicated bioen-
ergy crops are discussed below.
Marginal and marginally productive lands
Marginality refers to an economic condition caused by
different biophysical factors in an agro-economic setting
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water 
quality  
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bioenergy 
crops impact 
water quality 
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biomass 
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biomass 
 Physical mechanisms 
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Chemical mechanisms 
Increased: 
Sorption of chemicals 
P adsorption and use 
Degradation of contaminants 
Stabilization of soil 
  
  
 
Biological mechanisms 
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Microbial biomass/abundance 
Mycorrhizal fungal density 
Earthworms burrows and casts 
Decreased:  
Runoff 
Sediment loss 
Nutrient loss 
Contaminant loss 
Nutrient leaching 
Fig. 3 Dedicated bioenergy crops affect water quality through a number of physical, chemical, and biological mechanisms, which
reduce transport of nonpoint source pollutants (Blanco-Canqui, 2010; Felten & Emmerling, 2011; Gomes, 2012; Ontl et al., 2015; Ste-
wart et al., 2015; Tiemann & Grandy, 2015; Jesus et al., 2016).
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(Richards et al., 2014). Marginality should be viewed as
a ‘relative’ term because the status of marginality could
change with context. For example, a land currently mar-
ginal for row crop production could support a beef
industry or bioenergy crop in future. Uncultivated or
abandoned lands due to remoteness, poor drainage,
rockiness of farms, loss of fertile topsoil, and opportuni-
ties for off-farm income (Stoof et al., 2015; Blanco-Can-
qui et al., 2016) could be marginal, but ‘marginality is
not a fixed quantitative threshold’ (Richards et al., 2014).
Mitchell et al. (2012) stated that marginally productive
lands can be defined from economic standpoint, and are
areas with more than 25% lower crop yield than aver-
age county yield. ‘Economically marginal’ is a predic-
tive concept, which signifies that economically marginal
lands are likely to be used for agricultural production
or other purpose (Shortall, 2013).
Dedicated bioenergy crops can be grown on marginal
and marginally productive lands to supply cellulosic
biomass (Gelfand et al., 2013; Fernando et al., 2015). Qin
et al. (2015) reported that switchgrass and Miscanthus
can be grown on marginal lands to supply up to 6.9 kL
ethanol per hectare. However, biomass yield in mar-
ginal lands is likely to be affected by grass species, soil,
topography, and environmental constraints. Toward
this end, very little is known on managing bioenergy
crops. Few available studies indicate that site-specific
selection of plant species and addition of soil amend-
ments and mulching to WSGs grown in marginal land
could produce biomass that is comparable to agricul-
tural soils (Blanco-Canqui et al., 2016; Brown et al.,
2016). Although some studies have looked into the
effects of growing WSGs on biomass production, con-
siderably less work has been conducted on the water
quality implications of growing WSGs on marginal
lands. Therefore, additional field studies are necessary
to better understand the water quality effects of
growing dedicated bioenergy crops on marginal and
marginally productive lands.
Center pivot corners
The circular motion of center pivot system around a
square field forms corners that are unirrigated (Mitchell
et al., 2012; Uden et al., 2013, 2015). A center pivot cov-
ering approximately 64 ha irrigates 53 ha of area and
leaves 11 ha with no irrigation in the four corners
(Mitchell et al., 2012). However, the unirrigated center
pivot corners can produce grain yield as much as irri-
gated lands under adequate precipitation (Uden et al.,
2015). Dedicated bioenergy crops can be grown in cen-
ter pivot corners as they are more drought tolerant and
require lower fertilizer input than row crops (Uden
et al., 2013). Mitchell et al. (2012) reported that in eastern
Nebraska, approximately 50 500 ha of switchgrass can
be grown in the center pivot corners of Upper Big Blue
Natural Resource District watershed covering
740 575 ha, and supply biomass for 189 million L per
year ethanol plant. While dedicated bioenergy crops can
be grown in center pivot corners of irrigated regions
such as Midwest United States, current harvest and
transport efficiencies are relatively low (Mitchell et al.,
2012). The cropping potential of these center pivot cor-
ners could be taken into account when assessing the
potential for biofuel facilities.
Conservation buffers
Conservation buffers such as riparian vegetation,
grass hedges and filter strips can be potentially har-
vested to supply cellulosic biomass for biofuel pro-
duction (Recchia et al., 2010). Riparian buffer zones,
contours of field, and areas along field margin and
waterways could be managed to grow perennial
Conservation 
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bioenergy crops 
         
Marginal 
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Marginally 
productive 
lands 
Compacted soils 
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Fig. 4 Potential land areas for growing dedicated bioenergy crops. Note that marginality is not ‘absolute’ but rather a ‘relative’ con-
cept and should be viewed as an economic condition caused by various biophysical factors in a local agro-economic context (Mitchell
et al., 2012; Gelfand et al., 2013; Richards et al., 2014; Blanco-Canqui et al., 2016).
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grasses and woody plants (Ferrarini et al., 2017b;
Zumpf et al., 2017). For example, Recchia et al. (2010)
estimated that management of riparian vegetation in
Tuscany, Italy, could potentially supply 60 540 GJ of
biofuel every year. Management practices for bioen-
ergy buffers can vary with site-specific conditions
(Ferrarini et al., 2017b). In Illinois, harvesting big blue-
stem, switchgrass, and smooth bromegrass (Bromus
inermis) at a 10 cm height increased runoff and sedi-
ment by 15% (Wilson et al., 2011). While conservation
buffers can be harvested for cellulosic biomass, logis-
tic challenges exist for harvesting and transport due
to dispersed linear configuration of buffers, which
calls for site-specific management strategies.
Opportunities
Our review indicated that dedicated bioenergy crops,
particularly WSGs, could reduce water erosion and thus
improve water quality. Perennial WSGs increase hetero-
geneity and multifunctionality of landscapes when
incorporated into production systems (Blanco-Canqui
et al., 2016). Some of the opportunities are discussed
below.
1 Increasing demand of cellulosic biomass for bioen-
ergy requires continuous supply of bioenergy crop.
Mitchell et al. (2012) reported that switchgrass
requires 25 000–250 000 ha of land area in rainfed
agricultural system depending on the yield of feed-
stock to produce 567 000 Mg of dry matter for bio-
refineries annually. Therefore, there are opportunities
to grow dedicated bioenergy crops in marginal lands,
marginally productive lands and center pivot corners
to meet feedstock demand by bio-refineries and to
improve water quality. Site-specific conditions will
dictate the type of dedicated bioenergy crop to be
grown. For example, WSGs can be grown in both
rainfed and irrigated regions (i.e., center pivot cor-
ners), whereas SRWCs are primarily suited to rainfed
regions.
2 Opportunities exist for large-scale production of
dedicated bioenergy crops by growing dedicated
bioenergy crops over a larger area (Mitchell et al.,
2012), and by creating multifunctional landscapes
(Ssegane & Negri, 2016; Cacho et al., 2017; Zumpf
et al., 2017). Multifunctional landscapes emphasize
the placement and choice of bioenergy crops in
landscape to minimize water quality problems (Sse-
gane & Negri, 2016). Bioenergy crops can be grown
after the harvest of a commodity crop (double crop-
ping system), mixed with commodity crops (e.g.,
row crops mixed with prairie strips) for maximum
utilization of resources (mixed cropping) or grown
as a part of intensified production using the
combination of both cropping (Cacho et al., 2017).
Recent studies indicate that perennial WSGs can be
intercropped in forest plantations to supply bio-
feedstocks and reduce nutrient losses (Muwamba
et al., 2015, 2017).
3 Conservation buffers including riparian vegetation,
grass hedges, and filter strips are traditionally mana-
ged without harvest, but opportunities exist to man-
age and harvest such buffers for cellulosic biomass
and sustainable delivery of ecosystem services (Rec-
chia et al., 2010). Harvesting conservation buffers may
even require a change in Conservation Reserve Pro-
gram policy. Management practices for bioenergy
buffers ought to be site-specific.
4 Expansion or large-scale plantations of WSGs and
SRWCs (multifunctional landscapes) can provide
many ancillary benefits in addition to water quality
improvement. Dedicated bioenergy crops provide for-
ages for livestock, increase soil C sequestration,
improve air quality, remediate contaminated soils,
increase pollination, and regulate pest and weeds
(Nelson et al., 2006; McIsaac et al., 2010; Stoof et al.,
2015; Blanco-Canqui et al., 2016; Ferrarini et al.,
2017b). Growing perennial WSGs on marginal lands
could sequester nearly 0.25–4 Mg C ha1 yr1 into
the soil (Blanco-Canqui et al., 2016). Marginal lands
with no use of fertilizers and organic amendments
sequester <1 Mg C ha1 yr1 into the soil (Blanco-
Canqui et al., 2016). Perennial WSGs also reduce wind
erosion by decreasing wind velocity and stabilizing
the soil through uniform surface cover and extensive
root system. For example, WSGs had 1.8–2.4 times
lower wind-erodible fraction compared to 50% corn
residue removal in a no-till continuous corn after 2
and 3 years of management, indicating lower wind
erosion risks (Blanco-Canqui et al., 2017). Perennial
WSGs could increase diversity of birds, bees, bacteria,
and arthropods and provide habitat to wildlife by
increasing the heterogeneity of landscapes (Mitchell
et al., 2012; Werling et al., 2014; Uden et al., 2015;
Blanco-Canqui et al., 2016). For example, Werling
et al. (2014) observed that switchgrass had higher
birds, methanotrophic bacteria, bee, and herbivorous
and predatory arthropods diversity compared to corn
across different parts of Michigan and Wisconsin.
5 There can be opportunities of payment for ecosys-
tem services from growing WSGs and SRWCs as
dedicated bioenergy crops. Payment for ecosystem
services could provide secondary income stream for
producers by valorization of ecosystem services,
which can contribute to the development of sustain-
able bioenergy production systems (Ferrarini et al.,
2017b). For example, Woodbury et al. (2017)
reported that $148 per ha could be obtained by
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replacing corn with switchgrass, and $13.29 for
every kg of N loading reduction by growing
switchgrass in the Chesapeake Bay Watershed. Simi-
larly, with increasing concerns over carbon trading
and greenhouse gas emission reduction for environ-
mental integrity, there are substantial opportunities
to receive economic incentives and payments for C
sequestration by growing and managing dedicated
bioenergy crops. Carbon payments are also impor-
tant to plan land reallocation for bioenergy and to
support conservation and bioenergy initiatives and
goals.
6 Climatic variability and extremes, such as intense
and frequent rain events, and localized rain follow-
ing drought could increase storm-water runoff and
exacerbate soil erosion and transport of nutrients
and sediment into water bodies. Therefore, a need
exists to develop more climate resilient agricultural
systems to adapt to climatic variability and extremes,
and to sustain the provision of ecosystem services.
Current management practices appear to have lim-
ited potential to reduce losses of nonpoint source
pollutants from agricultural lands. Addition of
herbaceous and woody crops to existing agricultural
systems can be a potential option to reduce agricul-
tural pollutants under changing precipitation
patterns, but some challenges deserve consideration
as discussed next.
Challenges
Growing WSGs and SRWCs as dedicated bioenergy
crops is not without its challenges (Fig. 5). The chal-
lenges are briefly discussed below.
1 Growing WSGs and SRWCs on a larger scale may
require several years for crop establishment to
achieve marketable yield. Growing WSGs and SRWCs
can be a long-term investment. Large-scale produc-
tion of switchgrass, cellulosic biomass conversion,
and utilization facilities will require 4–5 years if foun-
dation seed are used for crop establishment (Mitchell
et al., 2011, 2012). Large-scale monoculture systems of
WSGs could suffer from diseases and pest infestation
that affects marketable yield (Mitchell et al., 2012;
Davis et al., 2013). However, there is limited under-
standing on how disease and pathogens affect the
biomass yield from large-scale biomass-based sys-
tems.
2 Warm season grasses and SRWCs may not produce
high yields in some marginal lands without signifi-
cant inputs (fertilization, irrigation, etc.) and result-
ing costs. For example, WSGs and SRWCs grown on
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Fig. 5 Challenges of growing dedicated bioenergy crops.
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reclaimed mine soils without any amendments are
reported to yield lower biomass than most marginal
lands. Similarly, switchgrass grown in sandy soils in
water-limited regions may require more frequent
irrigation than in clayey soil to produce similar
amount of biomass as biofuel feedstock (Blanco-Can-
qui et al., 2016).
3 The crop establishment period of perennial WSGs is
‘the most expensive and highly uncertain’ phase
and could incur additional costs (Mitchell et al.,
2011). Higher costs are predominantly linked to
micropropagation techniques and equipment use in
some WSG production systems, notably Miscanthus.
Cost to grow Miscanthus can range from $1750 to
$2000 ha1 when rhizomes are used and from $3100
to $3700 ha1 when transplant plugs are used dur-
ing the WSGs establishment phase (Mitchell et al.,
2011). The economic viability of growing WSGs as
dedicated bioenergy crops on a larger scale is
highly uncertain, because most studies to date are
based on small plots (Mitchell et al., 2012; Stoof
et al., 2015).
4 Growing WSGs and SRWCs as dedicated bioenergy
crops on a larger scale is likely to be determined by
several factors including bio-refineries and bioenergy
markets. Biomass technologies to produce ethanol
have lower conversion efficiency than currently nec-
essary. For example, 1 Mg dry matter of switchgrass
can theoretically produce 450 L of ethanol, but chari-
fication and fermentation technologies that exist
today can produce only 334 L of ethanol (Mitchell
et al., 2012). Studies have suggested that ethanol facil-
ities must receive about 115–120% of expected bio-
mass production annually to continuously supply
bioenergy crop and to overcome storage losses and
environmental effects on yield variation (Mitchell
et al., 2012; Uden et al., 2013). Farmers can be pro-
vided with economic incentives for producing bioen-
ergy crops and transporting them to ethanol facilities
when such facilities are located at >40 km distance
from the farm (Mitchell et al., 2012; Uden et al., 2013),
because incentivizing production could potentially
ameliorate bioenergy cropping and associated water
quality benefits. Ng et al. (2014) used an agent-based
model coupled with SWAT to report that NO3–N loss
will likely decrease by ≥25%, when the price of Mis-
canthus surpasses 50% of the corn and soybean prices.
Therefore, higher price of bioenergy crop and subsidy
to reduce N fertilizer may potentially reduce NO3–N
loading in water bodies.
5 Use of irrigation water from groundwater wells for
growing WSGs in arid and semi-arid regions may
reduce groundwater level and induce soil saliniza-
tion. Salinity can affect seedling emergence and
reduce dry matter production in certain switchgrass
cultivars (Anderson et al., 2015).
6 Plant water use is a key factor determining biomass
production in dedicated bioenergy crops. Short-rota-
tion woody crops in particular may have greater
water requirement for biomass production than tradi-
tional crops. For example, poplar plantations produce
biomass at higher rates, which may hasten water
yield reduction compared to natural forest; thereby
affecting regional water budgets (Perry et al., 2001;
Djomo et al., 2015). Water requirement is high if
SRWCs are grown on arable lands (Djomo et al.,
2015). However, there are positive effects of growing
SRWCs on nutrient and contaminant reduction, as
discussed earlier. Recently, Miscanthus was shown to
potentially deplete deep soil water content and
reduce groundwater recharge by extracting deep soil
water and increasing evapotranspiration during
drought compared to corn/soybean and switchgrass
(Joo et al., 2017). This suggests that dedicated bioen-
ergy crops should be carefully selected based on pro-
ject needs, objectives, and resources available.
7 Modeling studies on water quality impacts of grow-
ing WSGs and SRWCs are also challenging due to
limited field data, representation of marginally pro-
ductive lands and center pivot corners, and crop
parameterization (Field et al., 2016). Site-specific
parameters (weather, slope, soil texture, crop rotation,
organic matter, tillage, residue management, etc.) and
thus improved algorithms are necessary to better rep-
resent dedicated bioenergy crops and model their
water quality impacts at plot, watershed, and land-
scape level.
Research gaps and needs
Several research gaps and needs exist to better under-
stand water quality implications of growing WSGs and
SRWCs as outlined and discussed below.
1 Water quality indicators have been measured in sys-
tems where WSGs are used as filter strips, riparian
buffers, and grass hedges. Studies indicate the poten-
tial of such vegetative barriers to reduce runoff and
nutrients loss from agricultural fields. Although data
on water erosion from dedicated energy crop planta-
tions or systems are limited, data from conservation
buffers using WSGs suggest that dedicated bioenergy
crops such as WSGs can reduce water erosion and
improve water quality parameters if grown at larger
scales. Growing WSGs as dedicated bioenergy crops
over a large area is scarce at this point, but results
from small areas (i.e., filter strips, grass barriers) pro-
vide promising results for large-scale expansion of
© 2018 The Authors. GCB Bioenergy Published by John Wiley & Sons Ltd., 10, 504–533
528 B. S . ACHARYA & H. BLANCO-CANQUI
dedicated bioenergy crops. Multisite studies on grow-
ing WSGs and SRWCs as dedicated bioenergy crops
are also lacking. Only a few simulation studies (e.g.,
Cibin et al., 2016) have estimated the impact of peren-
nial WSGs at multiple locations. Field data from dif-
ferent locations are necessary to calibrate and validate
the modeling results, and access the sensitivity of
models. Field studies on marginal lands are necessary
to support agro-environmental policies and promote
ecosystem health and sustainability.
2 There is limited information on growing monoculture
or polyculture WSGs as dedicated bioenergy crops in
marginally productive croplands. Earlier studies on
WSGs have focused on soil quality indicators (for
example; Platt et al., 2015) among WSG cultivars.
Importantly, little is known on how runoff, sediment,
and nutrient losses differ among growing different
cultivars in monoculture and polyculture systems.
This information can be useful to select proper spe-
cies for a given location for cellulosic biomass produc-
tion and water quality improvement.
3 There is little information on the effect of crop establish-
ment phase, production phase, cutting management,
harvest time, and harvest frequency of WSGs and
SRWCs on water quality. Harvest time impacts leach-
ing of nutrients and is reported to be affected by biofuel
conversion technologies; for example, Adler et al.
(2006) reported that spring harvesting when switch-
grass have lower concentration of minerals is better sui-
ted for direct combustion systems. Some studies also
indicate that late harvesting (November–December) of
switchgrass can potentially reduce N and P loss in run-
off water and leachate (cited from; Simpson et al.,
2008). Harvesting dedicated bioenergy crops after a
killing frost will help translocate minerals and nutrients
to overwintering plant organs, which increases nutrient
cycling, thereby lowering the use of fertilizers.
4 Studies on plant traits that increase plant nutrient
uptake are necessary to reduce sediment yield and
nutrient losses in runoff water and leaching. For exam-
ple, root density and root length density are important
plant traits that could reduce soil detachment rates. De
Baets et al. (2006) used a mixture of perennial grass
species and reported that when root density increases
from 0 to 4 kg m3 and root length density from 0 to
400 km m3, soil detachment will reach the lowest
rate (0.05 kg m2 s1). However, additional research is
needed on plant traits affecting water quality.
5 Effects of dedicated bioenergy crops on water erosion
can vary on spatial and temporal scales. Therefore,
long-term field studies on dedicated bioenergy crop-
ping across different ecosystems are important to
understand their response to different climate, soil,
and management practices and evaluate their effect
on water quality.
Conclusions
Crop residues are abundant and readily available as cel-
lulosic biomass feedstocks compared to WSGs, but their
removal at high rates can increase runoff and loss of
sediments and nutrients. Growing WSGs as dedicated
bioenergy crops can be a strategy to improve water
quality, but our review indicates that field studies on
water quality impacts of growing WSGs and SRWCs as
dedicated bioenergy crops are few. However, data on
water erosion collected under WSGs when used as filter
strips and grass hedges indicated that WSGs can reduce
sediment and nutrients losses, and nutrient leaching rel-
ative to row crops. This suggests that if WSGs were
grown as dedicated bioenergy crops at larger scales,
they can have potential to reduce runoff and losses of
sediments and nutrients in runoff, and contaminants.
The effects of SRWCs on runoff, sediment, and nutrient
losses are, however, mixed. Literature indicates that
SRWCs can consistently reduce NO3–N leaching,
although studies are few. Potential opportunities exist
for growing WSGs on marginal lands and center pivot
corners as dedicated bioenergy crops to supply biomass
feedstocks for biofuel and improve water quality. More
field data on growing WSGs and SRWCs from marginal
lands are, however, necessary to understand the extent
of their benefits on water quality as well as to support
modeling studies. Growing dedicated bioenergy crops,
particularly WSGs, can be among the portfolio of
options available (e.g., cover crops, conservation buf-
fers) to manage water erosion and improve water qual-
ity. Future research on WSGs and SRWCs should
evaluate the effects of monoculture and polyculture sys-
tems, and cutting management, harvest time, and har-
vest frequency on water quality. Overall, the present
review suggests that dedicated bioenergy crops could
reduce loss of agricultural non-point source pollutants
and improve water quality parameters.
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